Abstract We examined sexual size dimorphism (SSD), mating pattern, fertilization efficiency and female reproductive traits in two bufonid toads (Bufo gargarizans and Duttaphrynus melanostictus) to test the idea that importance of male body size for egg fertilization success depends on the mating pattern. Female-biased SSD was evident only in D. melanostictus. Female B. gargarizans laid fewer larger eggs nearly three months earlier than did female D. melanostictus. Fertilization efficiencies on average were higher in B. gargarizans (95%) than in D. melanostictus (91%). Though differing in the degree of SSD, body size, breeding season, clutch size, egg size and fertilization efficiency, the two toads were similar in four aspects: (1) both showed size-assortative mating; (2) females did not tradeoff egg size against egg number; (3) male size, clutch size and clutch dry mass were greater in male-larger than in female-larger pairs after accounting for female snout-vent length (SVL); and (4) the ratio of male to female SVL did not affect fertilization efficiency. Our data show that: (1) a female preference for large males is likely not important in terms of egg fertilization success; (2) a male preference for large females is likely important because larger females are more fecund; and (3) size-assortative mating arises from a male preference for large females. Our study demonstrates that male size is not always important for egg fertilization success in anurans that show size-assortative mating [Current Zoology 59 (6): 740-746, 2013].
Amphibians have long been used to generate and test hypotheses regarding life-history evolution, because the pattern of mating, mode and frequency of reproduction, number and size of eggs, type of fertilization, stage of development at hatching and placement of eggs are highly variable among taxonomic groups (Duellman and Trueb, 1994; McDiarmid and Altig, 1999; Pough et al., 2004; Wells, 2007) . For instance, all caecilians and most salamanders use internal fertilization while most anurans fertilize externally, the stage of hatching varies from tadpoles to fully formed juveniles, and some species lay one or few eggs per clutch while some others spawn many thousands. Amphibians also are ideal candidates for studies of sexual dimorphism because males and females differ in body size, shape and/or coloration in a number of species (Salthe and Duellman, 1973; Shine, 1979; Woolbright, 1983; Hoffman and Blouin, 2000; Bell and Zamudio, 2012) . Sexual size dimorphism (SSD) is one of the most obvious sex differences in amphibians, which can be attributed to fecundity selection (leading to increased female size), sexual selection (leading to increased male size) and/or sexual differences in age structure (Woolbright, 1983; Monnet and Cherry, 2002; McGarrity and Johnson, 2008; Bell and Zamudio, 2012) . In anurans, about 90% of the species so far studied display female-biased SSD, while in the other 10% males are the larger sex or no SSD exists (Shine, 1979; Katsikaros and Shine, 1997; Monnet and Cherry, 2002) . The evolution of SSD can be promoted by sexual differences in reproductive success relating to body size in a variety of vertebrate groups, including fish, amphibians, reptiles, birds and mammals (Shine, 1989; Anderson, 1994; Lislevand et al., 2009; González-Suárez, 2013) .
Reproductive success depends on the number and quality of offspring produced. As reported for other animal taxa (Alonzo and Warner, 2000; Krist, 2011; Watson and Simmons, 2012) , anurans improve offspring quality by increasing maternal allocation of energy to individual offspring if selection favours larger offspring (the bigger-is-better mechanism), and/or genetic quality through mate choice if mating preferences enable females to select males of superior genetic quality (the good-genes mechanism) (Welch et al., 1998; Castellano et al., 2004; Wells, 2007; Jaquiéry et al., 2009) . In anurans, male-male competition for females and selection of males by females often lead to a nonrandom mating pattern that can be either size dependent (males in amplexus are larger than solitary ones) or size assortative (the size of pairs in amplexus is positively correlated) (Davies and Halliday, 1977; Tejedo, 1992a; Böll and Linsenmair, 1998; Gramapurohit and Radder, 2012) . A random mating pattern wherein the body size of pairs in amplexus is not correlated occurs if the combined effects of both behavioral mechanisms cancel out (Wells, 2007) . Female body size is always important for male reproductive success if a larger female can confer a greater reproductive value due to the higher fecundity, no matter what a mating pattern is. However, the importance of male body size for female reproductive success depends on the percentage of eggs fertilized (Davies and Halliday, 1977; Bourne, 1993) .
Previous studies of anurans have shown that male body size affects fertilization in some species but not in others. For example, male body size affects fertilization in Bufo bufo (Davies and Halliday, 1977 ; but see also Marco and Lizana, 2002) , Hyla elegans (Bastos and Haddad, 1996) , H. labialis (Gutiérrez and Lüddecke, 2002) , Scinax rubra (Bourne, 1993) and Uperoleia rugosa (Robertson, 1990 ) that show size-assortative mating, but not in B. americanus (Kruse, 1981; Howard, 1988) , B. calamita (Tejedo, 1992b) , B. cognatus (Krupa, 1988) , H. cinerea (Gerhardt et al., 1987) , H. sarda (Cadeddu et al., 2012) , Hyperolius marmoratus (Grafe, 1997) , Phyllomedusa rohdei (Wogel et al., 2005) , Rana sylvatica (Howard and Kluge, 1985) and R. temporaria (Elmberg, 1991) that show no clear tendency for positive size assortment in mated pairs. While the above studies highlight the importance of male size in species that show size-assortative mating, others show contrasting results. For example, male size affects fertilization in Physalaemus pustulosus not showing size-assortative mating (Ryan, 1983) , but not in Alytes obstetricans showing that mating pattern (Böll and Linsenmair, 1998) . The arguments seem to center on the question of whether male body size is always important for fertilization success in species that show size-assortative mating.
In this study, we studied sexual size dimorphism, mating pattern, fertilization success and female reproductive traits in two Asian bufonid toads, Bufo gargarizans and Duttaphrynus (formerly Bufo) melanostictus.
Our aims were to: (1) look at differences in SSD and female reproductive traits between the two species; (2) determine the existence of size-assortative mating (i.e., females or males mate with opposite-sex individuals that are proportional in size to themselves); and (3) verify if male body size is important for egg fertilization success.
Materials And Methods

Study species
Bufo gargarizans occurs in most provinces of China (including Taiwan), the Russian Far East, the Korean Peninsula and the Miyako Islands of Japan, while D. melanostictus ranges from southern China to southsoutheastern Asia and New Guinea (Zhao and Adler, 1993) . Both species are "explosive" breeders, with female B. gargarizans laying a single clutch of eggs mostly in two winter months (January and February), and female D. melanostictus a single clutch of eggs in two spring months (March and April) (Lin and Meng, 1965; Zhao, 2012) .
Animal collection and treatment
We collected 65 amplectant pairs of B. gargarizans in December and January of 2012 and 2013, and 149 amplectant pairs of D. melanostictus in March and April of the same years, in and around two permanent ponds at Lishui University (2827'N, 11955'E), Zhejiang, East China. Toad pairs were carried to our laboratory in Lishui, where they were settled into separate tanks (600  400  500 mm) placed in an outdoor animal holding facility. Each tank was filled with aged tap water to a 100 mm depth, and in its center there were pieces of clay tiles which served as shelter and landing sites. None of these females spawned later than 3 day post-capturing. Postspawning females and amplectant males were weighed and measured, before their release to the site of capture.
We determined clutch size for each female by manually counting the total number of eggs produced by the female. Because egg masses absorbed water immediately after being deposited, we could not measure their wet masses. To infer reproductive output, we dehydrated 30 eggs haphazardly selected from each clutch (egg string) on the day of oviposition in an oven at 60C for about 24 h to obtain dry mass. The remaining eggs of each clutch were allowed to hatch and tadpoles develop to Gosner's (1960) stage 26, before their release into the parental pond. We determined mean egg dry mass by averaging the individual mass values from the 30 dehydrated eggs, and clutch dry mass by calculating the product of mean egg dry mass by clutch size. We scored the number of fertilized and unfertilized eggs 10 d after egg-laying. At this stage the fertilized eggs had developed into small tadpoles, while the unfertilized eggs remained as unchanged spheres. We evaluated egg fertilization success in terms of the number of fertilized eggs.
Data analysis
All statistical analyses were performed using Statistica 6.0 for PC (Tulsa, OK, USA). We used pairedsample t-test to examine whether females and males in amplexing pairs showed the sexual size (snout-vent length, SVL) difference. We used linear regression analysis to examine whether an examined variable (male SVL, post-spawning body mass, clutch size, egg dry mass and clutch dry mass) was related to female SVL, and whether the percentage of eggs fertilized was related to the ratio of male to female SVL. We used two-way ANOVA (for male and female SVLs and fertilization efficiency) and two-way ANCOVA (for male SVL, post-spawning body mass, clutch size, egg dry mass and clutch dry mass, to correct female SVL and to test for homogeneity of slopes) to examine whether these variables differed between the two species and between the two pair categories (female-larger versus male-larger pairs) and were affected by the species  pair category interaction. We used partial correlation analysis to examine the relationship between clutch size and egg size while holding female SVL constant. Prior to parametric analyses, we tested data for normality using the Kolmogorov-Smirnov test, and for homogeneity of variances using the Bartlett's test. Log e and arcsine transformations were performed when necessary to satisfy the assumptions for parametric tests. Throughout this paper, values are presented as mean  standard error (SE), and the significance level is set at  = 0.05.
Results
Amplexed females were larger than amplectant males by an average of 1.0 mm snout-vent length (SVL) in B.
gargarizans, and by an average of 6.0 mm SVL in D. melanostictus. The sexual size difference was significant in D. melanostictus (paired-sample t-test; t = 11.88, df = 148, P < 0.0001) but not in B. gargarizans (t = 1.11, df = 64, P = 0.271). (Table 1) . Mean SVL of males was greater in B. gargarizans than in D. melanostictus, so was mean SVL of females; mean SVL of males was greater in male-larger than in female-larger pairs, whereas mean SVL of females showed an inverse trend; neither in B. gargarizans nor in D. melanostictus was the species  pair category interaction a significant source of variation in SVL (Table 1) . Post-spawning body mass, clutch size, egg dry mass, clutch dry mass were positively related to female SVL within each species  pair category combination (linear regression analysis; all P < 0.019). Female B. gargarizans laid fewer larger eggs and had greater post-spawning mass than female D. melanostictus of the same SVL, but they did not differ from female D. melanostictus of the same SVL in clutch dry mass (Table 1) . Post-spawning mass and egg dry mass did not differ between female-larger and male-larger pairs after accounting for female SVL, whereas clutch size and clutch dry mass were greater in male-larger pairs (Table 1) . Holding female SVL constant with a partial correlation analysis, we found that in both species egg size (dry mass) was not correlated with clutch size (both P > 0.202).
Male SVL was positively related to female SVL within each species  pair category (female-larger versus male-larger pairs) combination (linear regression analysis; all P < 0.023). A two-way ANCOVA with female SVL as the covariate revealed that male SVL differed not only between two species (F 1, 209 = 64.44, P < 0.0001) but also between two pair categories (F 1, 209 = 81.63, P < 0.0001), and that the species  pair category interaction was not a significant source of variation in male SVL (F 1, 209 = 0.96, P = 0.329). At any given female SVL, male B. gargarizans were larger than male D. melanostictus by an average of 7.2 mm SVL, and males in male-larger pairs were larger than those in femalelarger pairs by an average of 6.9 mm SVL (Fig. 1) . The ratio of male to female SVL was not a determinant of fertilization success within each species  pair category combination (linear regression analysis; all P > 0.162). The mean percentage of the fertilized eggs was higher in B. gargarizans ( 95%) than in D. melanostictus ( 91%) (two-way ANOVA; F 1, 210 = 11.50, P < 0.001), but did not differ between female-larger and male-larger pairs (F 1, 210 = 0.01, P = 0.913); the species  pair category interation was not a significant source of variation in fertilization success (F 1, 210 = 2.41, P = 0.122) (Fig. 2) . When analyzing data for the two species separately, we found once again that neither in B. gargarizans (F 1, 63 = 1.98, P = 0.164) nor in D. melanostictus (F 1, 147 = 1.05, P = 0.307) did the mean percentage of the fertilized eggs differ between female-larger and male-larger pairs.
Discussion
The two toads differed in the degree of SSD, body size, breeding season, clutch size, egg size and fertilization success, but were similar in four aspects: (1) both showed size-assortative mating; (2) females did not tradeoff egg size against egg number; (3) male body size, clutch size (fecundity) and clutch dry mass (reproductive output) were greater in male-larger than in female-larger pairs after accounting for female SVL; and (4) the ratio of male to female SVL did not affect fertilization. It was not surprising that proportionally gargarizans and D. melanostictus often deposit their eggs in the same bodies of water (Zhao, 2012) .
Fecundity was higher in D. melanostictus than in B.
gargarizans in both absolute and relative terms (Table  1 ), but the rates at which fecundity and reproductive output increased with female SVL did not differ between the two species (ANCOVA for homogeneity of slopes; both P > 0.05). Moreover, the two toads did not differ in reproductive output after accounting for female SVL (Table 1) . These findings provide an inference that fecundity selection toward increased female body size might be similar between these two species. In our samples, 40 of 65 male B. gargarizans (62%) and 125 of 149 male D. melanostictus (91%) were smaller than the mean size (SVL) of conspecific females. This result suggests a weaker selection toward increased male body size in B. gargarizans. Taken together, our data show that the observed inter-specific difference in the degree of female-biased SSD might results from differential selections on male body size between the two toads. Female body size is correlated positively with fecundity in a majority of anurans (Salthe and Duellman, 1973; Saidapur, 1989; Shine, 1989; Duellman and Trueb, 1994; Wells, 2007) . Such a positive correlation was also observed in B. gargarizans and D. melanostictus, where female fecundity varied more than sevenfold over the size range recorded (Table 1) . Large among-female variation in reproductive output was more likely caused by variation in the number rather than by the size (mass) of eggs because egg size was much less variable than clutch size in both absolute and relative terms (Table 1) and because females did not tradeoff egg size against egg number. Overall, these results provide evidence that the reproductive benefit of a male preference for larger and thus more fecund females is high in both species.
It has been established for several species of bufonid toads that larger males have advantages in sexual selection. For example, increasing male body size increases the probability of amplexus in B. woodhousii (Sulivan, 1989) , and increases the percentage of fertilized eggs in the clutch in B. bufo (Davies and Halliday, 1977; Ryan, 1980; Krupa, 1988) . In the present study, we obtained contrasting results, and found no evidence for a female preference for large males. Neither in B. gargarizans nor in D. melanostictus did we find that the ratio of male to female SVL affected fertilization. Moreover, the percentage of eggs fertilized did not differ between female-larger and male-larger pairs, nor was affected by the species × pair category interaction. These results suggest that, as in some explosive-breeding bufonids such as B. americanus (Gatz, 1981) , B. bufo (Davies and Halliday, 1979) , B. cognatus (Krupa, 1988) and B.
woodhousii (Woodward, 1982 , Sullivan, 1989 , sizeassortative mating does not result from a female preference for large males in B. gargarizans or D. melanostictus. This finding, together with the result that male body size was correlated positively with female body size within each species × pair category combination (Fig. 1) , allow us to conclude that size-assortative mating mainly results from a male preference for large female in the two toads. The realization of such a mating pattern depends on the ability of large males to exclude their smaller rivals from large females. Given intense competition from large males which prefer large females in B. gargarizans (Zhao, 2012) and D. melanostictus (Gramapurohit and Radder, 2012) , small males benefit from mating with small females.
Fertilization efficiency (percent of eggs fertilized) has been reported for four species of bufonid toads, including B. americanus (Kruse, 1981; Howard, 1988) , B.
bufo (Davies and Halliday, 1977) , B. calamita (Tejedo, 1992b) and B. cognatus (Krupa, 1988) . Fertilization efficiencies are lower than 90% in the former two, and higher than 90% in the latter two. The two species studied herein both exhibited fertilization efficiencies higher than 90%, but proportionally more eggs were fertilized in B. gargarizans (≈ 95%) than in D. melanostictus (≈ 91%). It was very unlikely that this difference arose from the inter-specific difference in SSD because neither in B. gargarizans nor in D. melanostictus was male body size a determinant of fertilization success. Data on three of the above six bufonids (clutch size has not yet reported for the other three) show that mean fecundity is highest in B. americanus (≈ 5700 eggs) and lowest in B.
gargarizans (≈ 2600 eggs), with D. melanostictus (≈ 4100 eggs) in between. Interestingly, fertilization efficiency is lowest in B. americanus (≈ 83%) and highest in B. gargarizans (≈95%), with D. melanostictus (≈ 91%) in between. These results suggest that fertilization efficiency is higher in less fecund species, but whether this is a generalisable trend remains unknown. Future work could usefully investigate more species in a phylogenetic context to determine if there is any correlation between fertilization efficiency and fecundity.
In conclusion, this study demonstrates that: (1) a male preference for large females is likely important for B. gargarizans and D. melanostictus because males of both species can gain direct reproductive benefits from mating with larger and thus more fecund females; (2) a female preference for large males is likely not important in terms of the number of eggs fertilized; and (3) sizeassortative mating arises from a male preference for large females in both species because the ratio of male to female SVL is not a determinant of fertilization success. Data of this study support the idea that male body size is not always important for egg fertilization success in anurans that show size-assortative mating.
